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Abstract 

The S-matrix approach is used to calculate charged as well as neutral pion production reactions 
from NN scattering, with the same set of underlying processes and interactions. The chiral per- 
turbation theory (%PT) 7rN scattering amplitude is used. For the nucleon-nucleon distortions a 
newly developed realistic potential within the Bonn family of potentials, valid well above the pion 
production threshold, is considered. In the tt + production case, the NN potential, the ttN rela- 
tive p waves and the treatment of the exchanged pion energy build up the observed cross-section 
strength. 
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A central problem underlying the non-relativistic quantum-mechanical operator for 
any mechanism of pion production in the framework of time-ordered perturbation theory 
(TOPT) is that the final- and initial-state interaction diagrams correspond to different off- 
energy shell extensions of the amplitudes, since energy is not conserved at individual vertices. 
This problem does not occur in fteS - matri x approach which was applied to derive the 
important Z-diagram operators^. Moreover, it was recently shown that this approach with 
a particular prescription for the energy of the exchanged pion reproduces well the energy 
dependent re-scattering operator for neutral pion production resulting from TOPT^. 

We report here that a calculation using the S-matrix approach with a NN potential tuned 
above pion production and a sufficient number of 3-body channels with ttN relative p-waves, 
overcomes the problem of insufficient production strength in the 7r + charge channel found 
in Ref. ^J. Therefore, this work shows that it is possible to have an overall description 
of all the charge channels from the same underlying physical processes and realistic sub- 
cluster interactions. As in Ref. and alternatively to the Jiilich group j^], we take the 
%PT 7rN amplitude |f| to construct the irreducible pion re-scattering term. Together with 
this contribution, we consider the direct-production term, Z-diagrams mediated by scalar 
and vector exchanges, and the explicit A-isobar excitation. 

For the initial state, the nucleon-nucleon interaction is necessarily needed above the pion 
production threshold. We apply here for the first time an NN interaction recently developed 
by the Ohio group, including two boson exchange box contributions, with Delta(1232) and 
N*(1440) intermediate statesfl. As an extension of the family of the Bonn potentials, it 
describes well the NN phase-shifts and inelasticities up to 1 GeV. 

In the S-matrix prescription, the effective operators are defined only on-energy-shell 
through the non-relativistic reduction of the corresponding Feynman diagrams where the 
energy is conserved at each vertex(l|. All nuclear currents and other transition operators 
are defined to be consistent with an hermitian energy independent NN potential. For the 
pion re-scattering diagram (Fig. P), the S-matrix prescription leads to a single effective 
operator (both for FSI and ISI diagrams) of the formj^j]: 

" (fi) 2 - (mj + J' 2 ) ' 1 ' 

where, adopting the notation of Ref. j^J, q' is the momentum of the exchanged pion and 
/(f2) is the product of the tcN amplitude with the nNN vertex. Whenever the operators 
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FIG. 1: The re-scattering diagram. 

are used in convolution integrals for the distortion of the nucleonic states, the momentum 
variable is free. The symmetric implementation of the energy conservation condition uj^ = 
E 2 — uj 2 = — (Ei — uj\ — E n ) at the vertices of Fig. [T]is then used 

2 2 v ' 

This prescription minimizes the deviation between the S-matrix and the TOPT results for 
the re-scattering diagram^. 

The explicit A-isobar propagation contribution is 

t r .(h A \ 2 Ag A 1 1 

Since the A is added exp icitly to the nN amplitude, the static limit of Eq. © is subtracted 
from the amplitude 4]. This redefines the C3 = — 5.29GeV _1 parameter to c' 3 = C3 — c^, 
with ~ —h 2 A / (18m,r) = — 2.78GeV _1 . To go beyond threshold, we include p-wave pion 
production and NN partial waves with high relative angular momentum. Details will be 
given in Ref. |9(. 

We compare in Fig. Elthe cross sections calculated within the S-matrix approach to those 
obtained with frequently used approximations. For all the charge channels, the deviation 
is largest for the static approximation (Q = 0), which overestimates the cross section by 
a factor of 2 (close to threshold). The on-shell approximation (Q = E 2 — w 2 , difference 
between the nucleon on-shell energies before and after pion emission) also deviates from the 
reference result. It may be off 20% for all the charge channels, even close to threshold. For 
the 7T° and tc~ production cases, the same happens for the fixed kinematics approximation 
(Q = m n /2). For pp —> prm + , this approximation underestimates the cross section by a 
factor of 1.5 — 2.5 near threshold and 5 at higher energies. This significant difference arises 



from the ttN relative p-waves being very sensitive to the energy prescription. They are 
particularly important for the 7r + channel and magnify at higher energies the difference 
between the S-matrix approach and the fixed-kinematics approximation. The results for 
7r + give insight into the discrepancy with the experimental data by factors 2-5 reported in 
Ref. 0|, where the calculation also used the %PT irN amplitude as here, but included only 
relative ttN s-wave states and assumed fixed kinematics. 

We compare the cross sections with the Ohio and the Bonn B potentials, and simulta- 
neously illustrate the convergence of the amplitude partial waves with increasing angular 
momentum J, in Figs. EHS1 As expected, the importance of channels with high J increases 
with increasing laboratory energy 7] a &. For ir° production, the J = channel alone describes 
the data and suffices for convergence (Fig. (HJ) - For n~ production (Fig. Ej) however the J = 1 
channels are needed. For 7r + production (Fig.^J, the convergence is slower than in the other 
two reactions, as the J = 2 channels are needed for convergence. 

We further verified that the direct-production and re-scattering mechanisms alone are not 
sufficient to describe the ir° production data, and Z-diagrams are decisive, as known. For 
7r~ production, the Weinberg- Tomozawa term, which does not contribute to 7r° production, 
is important relative to the direct production term. The Z-diagrams have also an important 
role. For ir + production, the Ohio iViV model gives a significantly better description of the 
data. It should be noticed that in contrast to the Bonn B potential, it includes explicit A 
contributions. For 7r + production, the A contributions dominate and increase with energy. 
The general trends obtained here were also found for the Jiilich phenomenological model [5]. 
There all short range mechanisms are included through w-exchange and adjusted to repro- 
duce the total pp — > ppn cross section close to threshold. In our calculation no adjustment 
is made. The parameters for the Z-diagrams and for the A contribution are taken from the 
NN interaction employed. 

We achieved an overall S-matrix description of the cross section both for charged and 
neutral pion production, from the same underlying processes and interactions. The crucial 
role of the A in tt + production enhances the importance of the nN p-wave states resulting in 
a slower convergence and in a higher sensitivity to the fixed kinematics approximation. By 
taking these channels and simultaneously going beyond the fixed kinematics approach, we 
obtained a good description of the pp — > pmr + reaction, problematic until now 4| when the 
xPT nN amplitude is used. The newly developed Ohio interaction tuned above the pion 
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production threshold furthermore improves the description of the pp — ► pmr + reaction. Our 
results should be relevant for high precision calculations, as in charge symmetry breaking 
studies. 

Acknowledgments 

V.M. was supported by FCT under the grant SFRD/BD/4876/2001, M.T.P. was sup- 
ported by the grant POCTI/FNU/50358/2002 and J. A. was supported by the grant GA CR 
202/03/0210. Ch. E . acknowledges the support of the U.S. Department of Energy under 
contract No. DE-FG02-93ER40756 with Ohio University. 



[1] M. Chemtob and M. Rho, Nucl. Phys. A 163, 1 (1971); D. O. Riska, Prog. Part. Nucl. Phys. 

11, 199 (1984); J. Adam, E. Truhlik, and D. Adamova, Nucl. Phys. A 492, 556 (1989). 
[2] T. S. H. Lee and D. O. Riska, Phys. Rev. Lett. 70, 2237 (1993); M. T. Pena, D. O. Riska, 

and A. Stadler, Phys. Rev. C 60, 045201 (1999). 
[3] V. Malafaia, J. Adam, J., and M. T. Pena, Phys. Rev. C 71, 034002 (2005). 
[4] C. da Rocha, G. Miller, and U. van Kolck, Phys. Rev. C 61, 034613 (2000). 
[5] C. Hanhart, J. Haidenbauer, A. Reuber, C. Schutz, and J. Speth, Phys. Lett. B 358, 21 

(1995); C. Hanhart, J. Haidenbauer, O. Krehl, and J. Speth, Phys. Lett. B 444, 25 (1998). 
[6] C. Hanhart and N. Kaiser, Phys. Rev. C 66, 054005 (2002). 

[7] Ch. Elster, K. Holinde, D. Schutte, and R. Machleidt, Phys. Rev. C 38, 1828 (1988); 
A. Schwick, Ch. Elster, A. Gardestig, F. Hinterberger and the EDDA collaboration, in prepa- 
ration. A. Schwick, Diploma Thesis, U. Bonn (2004). 
[8] V. Malafaia and M. T. Pena, Phys. Rev. C 69, 024001 (2004). 
[9] V. Malafaia, M. T.Pena, Ch. Elster and J. Adam, in preparation. 
[10] H. O. Meyer et al, Nucl. Phys. A 539, 633 (1992). 
[11] M. G. Bachman et al, Phys. Rev. C 52, 495 (1995). 
[12] J. G. Hardie et al, Phys. Rev. C 56, 20 (1997). 



5 



pp -> PPJI 



pn -> ppn 



pp -> prm 



1.5 









\ 


on shell 




\ 


— — fixed kin. 




\ 


— — — static 




\ 










s 




-. 











1.5 



\ 


on-shell 


2 


\ 

\ 

V 


— — fixed kin. 
— — — static 


JS 1.5 






o. 

e 1 






0.5 



on-shell 
fixed kin. 
- static 



280 



300 

T |ab [MeV] 



320 



290 300 310 320 330 
T |ab [MeV] 



290 300 310 320 330 
T |ab [MeV] 



FIG. 2: Ratio between the cross section with different approximations and the S-matrix cross 
section. The dotted, dashed-dotted and dashed line are, respectively, the on-shell approximation, 
fixed-kinematics and static approximation. 
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FIG. 3: Effect of the iV./V interaction on the pp — > ppir cross section. Dotted (J = 0), dashed- 
dotted (J < 1), dashed (J < 2) and solid (J < 3) lines with (without) +'s correspond to the Ohio 
(Bonn B) potential. The data points are from Ref. jl(3 |. 
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pn -> ppjr (J=0) 



pn -> pprc (J < 1 ) 
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FIG. 4: The same of Fig.|3]but for the pn — ► ppn cross section. The data points are from Ref. 
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pp -> prm + (J=0) 



pp -> prm + (J < 1 ) 
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FIG. 5: The same of Fig.|3]but for the pp — > pmr + cross section. The data points are from Ref. 
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